Lysozymes (EC 3.2.1.17) are self-defense enzymes found mainly in egg whites, tears, and various other secretions of eukaryotic cells. The best-known substrates for this enzyme are polysaccharide copolymers of Nacetyl glucosamine (NAG), and N-acetyl muramic acid (NAM) at the cell walls of bacteria. Three different forms of lysozyme were classified by their amino acid sequences and tertiary structures, namely, chicken type (C-type), [1] [2] [3] phage type (T4-type), 4, 5) and goose type (Gtype). [6] [7] [8] A number of amino acid sequences of C-type lysozyme have been identified for many birds, [9] [10] [11] [12] [13] [14] mammals, [15] [16] [17] fish, 18) reptiles, 19) and insects. 20) The mechanism for C-type lysozyme was intensively studied by comparison with mutant lysozymes, [21] [22] [23] by sitedirected mutagenesis of the catalytic residues. [24] [25] [26] T4-type lysozyme structure and catalysis mechanism has been studied by a remarkable series of experiments. 4, [27] [28] [29] [30] [31] However there is limited information on the primary structure and catalysis mechanism for Gtype lysozyme. Four G-type lysozyme sequences were reported in 1980-2002 from black swan, 32) ostrich, 33) goose, 6) and cassowary egg white. 34) Recently, three Gtype lysozymes gene from chicken, 35) Japanese flounder, 36) and orange-spotted grouper 37) were reported. The available evidence based on protein sequence, mRNA level, and the immunological data makes it a virtual certainty that all bird genomes have the genes for three different kinds of lysozymes; conventional c, calcium-binding c, and g, but they are regulated to turn on or off. 35, 38, 39) In 27 orders of aves, however, only 13 orders have reported their lysozyme. Only some birds have goose type lysozyme. 38, 40) Therefore, the lysozyme from rhea is one the most interesting target for structure analysis in that is the primary step to forward the understanding of the relationship between protein structure and function of G-type lysozymes.
To investigate the enzymatic mechanism of this enzyme group, much information of the three-dimensional structures of C-type and T4-type lysozyme has been accumulated thus far. However, information on Gtype lysozyme is quite limited, only two three-dimensional structures for G-type lysozyme and only one form with the oligosaccharide was elucidated. G-type lysozyme also has a little information on subsite structure that have been directly determined only for subsites B, C, and D from the crystal structure of a stable complex between goose lysozyme and trimer of NAG. 41) Additionally, Honda and Fukamizo reported the binding mode of NAG oligomer to goose lysozyme, and postulated that goose lysozyme has six substrate binding subsites (B, C, D, E, F, and G). 42) Therefore, the clarification of amino acids that are actually involved in substrate binding, especially at subsites E, F, and G, is of particular interest.
The active sites of this enzyme have a highly conserved Glu residue, which is believed to act as a general acid in catalysis (Glu35 in C-type lysozyme, Glu11 in T4-type lysozyme, Glu73 in G-type lysozyme). 3, 7, 41, 43, 44) On the other hard, the additional carboxylate ion of an Asp residue shows variability among the molecules: G-type lysozyme has no apparent counterpart to either Asp52 in C-type lysozyme or Asp20 in T4-type lysozyme. 41) However, as yet, a definitive confirmation of the precise role of the second acidic residue in catalysis has not been obtained.
It is evident that the conservation of the secondary structural elements across this broad hydrolase super family was important. 45) In the previous paper, we reported that the three -helices form a hydrophobic core structure in the G-type lysozymes group were considered to be essential for the active site formation. 34) Honda and Fukamizo reported the binding mode of oligomer to goose lysozyme and compared it with barley chitinase, and indicated six binding subsites (B, C, D, E, F, and G) and bond cleavage between sites D and E are postulated. 42) For the binding free energy change of the six binding subsites, B, C, D, E, F, and G, they found a major difference in kinetic parameters between the two enzymes lying in the free energy value at site C and the catalytic potency of the Glu residue. 42) However, the difference of substrate binding between chitinase and Gtype lysozyme to an oligomer is not well understood. One approach to overcome these problems, structure analysis, is a major step forward in the understanding of the relationship between protein structure and function. In this paper, therefore, we have made an effort to analyze the novel G-type lysozyme, rhea lysozyme, for the accumulation of structure information.
Further, we compared the structure of this enzyme with plant class-II chitinase that has the similar tertiary structure to goose lysozyme.
Materials and Methods
Materials. Rhea eggs were obtained from Izu Shaboten Park, Ito, Shizuoka. Ostrich eggs were obtained from Kumamoto City Zoological and Botanical Gardens, Kumamoto and Hirakawa Zoo, Kagoshima. Chemical reagents were all of analytical grade and commercially available.
Purification of enzyme. Enzyme purification was done by the methods previously reported, 46) which include water extraction of egg white, pH treatments at pHs 4.0, 6.0, and 7.0, CM-Cellulose type II column chromatrography, and CM-Toyopearl column chromatography.
Enzyme assay. The lytic activity was assayed using the lyophilized cell wall of Micrococcus luteus (M-3770, Sigma-Aldrich Co., USA) as a substrate. Substrate solution was prepared to suspend the cell wall powder in buffer, and adjusted to OD 1.0 at 540 nm. The lytic activity was examined in the lysozyme purification step using substrate dissolved in 0.1 M phosphate buffer, pH 7.0. Sample solutions (100 l) were added to 3 ml of the substrate suspension in the designated buffer, adjusted to OD 1.0 at 540 nm. The activity unit was evaluated as the reduction of absorbance at 540 nm, 25 C. Namely, one enzyme unit was defined as the amount causing a decrease of 0.1 absorbance units at 540 nm in the reaction for 1 min.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis. To examine the purity of lysozyme preparations and to obtain a molecular mass, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was done as described by Laemmli, 47) using 12.5% acrylamide gel. The protein bands were stained with Coomassie brilliant blue R-250. Bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), trypsin inhibitor (20 kDa), and chicken lysozyme (14 kDa) were used as standard proteins.
Carboxymethylation and pyridylethylation. Rhea lysozyme was reduced and carboxymethylated (Cm) for structural analysis according to the method of Crestfield et al. 48) with a slight modification. Namely, 10 mg of rhea lysozyme was used and the Cm-lysozyme was desalted on a Sephadex G-50 column (1:7 Â 46 cm) in 0.2 M NH 4 OH. The Cm-lysozyme fraction was then lyophilized.
Rhea lysozyme was reduced and pyridylethylated (Pe) by the method of Cavins and Friedman. 49) Ten mg of rhea lysozyme was used and the Pe-lysozyme was desalted on a Sephadex G-50 column (1:7 Â 46 cm) in 0.1% TFA. The Pe-lysozyme was also lyophilized.
Enzymatic digestion and chemical fragmentation.
Five mg of Pe-lysozyme was suspended in 1 ml of 0.1 M Tris-HCl buffer, pH 8.0, and then digested with trypsin (1/50, w/w, TR-TPCK, Cooper Biomedical Co., USA) at 37 C, for 4 h. Five mg of Cm-lysozyme was digested with V8 protease (1/50, w/w, Boehringer Mannheim Co., Germany) in 50 mM sodium phosphate buffer, pH 7.8, at 37 C, for 10 h. Chemical fragmentation was done with CNBr. Namely, 1 mg of Cmlysozyme was dissolved in 700 l of conc. HCOOH and then 300 l of water was added to make the final concentration to 70% HCOOH. The solution was then added 312 l of 70% HCOOH containing 25.2 mg of CNBr (a 200-fold molar excess against Met residues in the molecule of rhea lysozyme). The reaction mixture was kept at 4 C, for 24 h. Then 20 ml of water was added and evaporated to a final volume of 10 ml, and repeated this step for 3 times.
Peptide separation. The peptides in the digest of rhea lysozyme were purified by a C18 column (YMC ODS 120A S-5; 4:6 Â 250 mm, Yamamura Chemical Co., Japan) using a JASCO 800 series HPLC (Japan Spectroscopic Co., Japan). The peptides were developed with a gradient elution system of 0.1% TFA (Solv. A), and 60% acetonitrile in Solv. A (Solv. B) (Solvent system 1). A gradient of 0-60% of Solv. B was done for 150 min. The peptide was measured at 220 nm. Some peaks were rechromatographed by a gradient system of 5 mM phosphate buffer, pH 6.0 (Solv. A), and 60% acetonitrile in Solv. A (Solv. B) (Solvent system 2). CNBr fragments were separated using a C4 column with a gradient of Solvent system 1 (Hi-Pore RP-304, 4:6 Â 250 mm, Bio-Rad Co., USA).
Amino acid analysis and sequence analysis. Peptides were hydrolyzed in evacuated sealed tubes with constant-boiling HCl containing 0.05% -mercaptoethanol at 110 C, for 20 h. Then the hydrolysates were analyzed with an amino acid analyzer (Model L-8500A, Hitachi Co., Japan). Tryptophan residues in peptides were calculated as previously reported. 13) Peptide sequencing was done by a protein sequencer (ABI Model 477A, Applied Biosystems Co., USA, and PSQ-1, Shimadzu Co., Japan). In part of N-terminal sequence of this enzyme, the native protein was separated on SDS-PAGE, and transblotted onto a PVDF membrane to analyze its N-terminal sequence by a protein sequencer.
Phylogenetic tree analysis. The amino acid sequences of rhea lysozyme and other reported G-type lysozymes from the Protein Information Resource and SWISS-PROT., the amino acid sequences of goose (LZGSG), black swan (LZWSG), ostrich (LZOSG), cassowary (A59351), rhea (JC7955), chicken (S18463), and Japanese flounder (Q90VZ3) were aligned using Clustal W (version 1.82).
50) The phylogenetic tree was constructed using the neighbor-joining method with Kimura collection of distances.
Results and Discussion
Purification of rhea lysozyme and its amino acid composition
The rhea egg white lysozyme was purified by pH treatments at pHs 4.0, 6.0, and 7.0, CM-Cellulose type II column chromatrography, and CM-Toyopearl column chromatography to produce a single peak with single band on SDS-PAGE (Fig. 1) .
Comparing the amino acid composition of purified rhea lysozyme with those of G-type lysozymes (Table 1) , the over-all features of amino acid composition are similar to the other reported G-type lysozymes. The notable differences were found for Glu, Thr, and Arg when compared with other G-type lysozymes. The Arg residues of rhea lysozyme showed the highest number in other reported G-type lysozymes.
Complete amino acid sequence of rhea lysozyme The complete 185 amino acid residues of G-type lysozyme from rhea egg white were sequenced using the peptides hydrolyzed by trypsin, V8 protease, and cyanogen bromide. The primary structure-determining strategy was summarized in Fig. 2 . The Pe-lysozyme was first digested with trypsin, and then separated by reverse phase (RP)-HPLC (Fig. 3) . The obtained 29 peptides in soluble fractions (Ts) of tryptic digest were indicated in the figure. Peptides Ts20a and Ts20b were separated by further rechromatography in the same column using a Solvent system 2. All purified tryptic peptides were next analyzed both for the amino acid compositions and amino acid sequences. We assessed Inset indicates the purified enzyme on SDS-PAGE.
the N-terminal sequence of rhea lysozyme as well from transblotted protein and yielded eleven amino acid residues as: Arg-Thr-Asn-X-Tyr-Gly-Asp-Val-Ser-ArgIle. The N-terminal residue is Arg, which shows the same as the reported G-type lysozymes from black swan, ostrich, and goose but different from cassowary (pyro-Glu).
34)
By analysis of tryptic peptides, almost 90% of the rhea lysozyme sequence was examined. To obtain undetermined regions and to get the overlapping peptides, Cm-lysozyme was next digested with V8 protease and then purified by RP-HPLC in the same manner (Fig. 4) . The peptides purified by RP-HPLC were analyzed as for the tryptic peptides. Peptides V14a and V14b were separated by further rechromatography in the same column using Solvent system 2. The eleven overlapping peptides were V11, V14b, V16-20, V24, V25, V33, and V34 (Fig. 6) . V18 overlapped Ts1, Ts21, Ts18, and Ts7. Another ten peptides also overlapped the tryptic peptides as shown in Fig. 6 . The amino acid sequences in some overlapping regions were deduced by the amino acid compositions and proved to be identical to those of the regions of tryptic peptides. V8 protease was observed to produce the non-specific cleavage after Asp residue at V11. To complete the overlapping (two regions), Cm-lysozyme was then next cleaved with CNBr. The one overlapping fragments was obtained as CB16, and then sequenced to complete the overlapping for tryptic peptides (Fig. 5) . Other CNBr fragments, CB3a and CB3b, showed amino acid sequences and amino acid compositions identical to the corresponding region of tryptic peptides. CB3a overlapped Ts1, Ts18, Ts7, Ts24, Ts14, Ts10, and Ts8. CB3b overlapped Ts9, Ts20b, Ts16, Ts13, Ts25, and Ts12. All of these peptides were aligned and then their amino acid sequences were located as shown in Fig. 6 . The sequenced parts of peptides were indicated as solid lines while obtained regions of peptides judged by their amino acid compositions were indicated as dotted lines. The amino acid composition of each peptide was proved to be identical with the amino acid sequence found for this enzyme. We established the complete amino acid sequence of rhea lysozyme composed of 185 residues and its molecular mass was calculated to be 20708 Da (Fig. 6) . The Ts number on each peak is the numeral according to the eluting order. 
Comparison of primary structure
The established primary structure of rhea lysozyme was compared with reported G-type lysozymes (goose, black swan, ostrich, and cassowary) (Fig. 7) . Rhea had the highest similarity to ostrich (93%), followed by cassowary (90%), goose (83%), and black swan (82%).
Six substituted residues of rhea lysozyme were newly detected in this enzyme group at Asn3, Ser9, Arg43, Ile114, Met127, and Arg129 when compared with ostrich, cassowary, goose, and black swan, which are indicated by closed triangles in the figure. Asn3 and Ser9 were amino acids carrying different properties from those found in the same position in other G-type lysozymes. For the other four amino acid substitutions (positions 43, 114, 127, and 129), the similar properties of amino acids were found in other lysozymes at corresponding positions. The amino acid sequence reported for the gene of Gtype lysozyme found in chicken and Japanese flounder lysozymes were also compared against rhea lysozyme sequence (Fig. 7) . A higher similarity to chicken G-type lysozyme gene (79%) was found, but a lower similarity for Japanese flounder G-type lysozyme gene (53%) was observed.
Thammasirirak et al. reported the conservation of the three -helices structures of G-type lysozymes which were considered to be important for the formation of the hydrophobic core structure of the catalytic site and for maintaining a similar three-dimensional structure in this enzyme group. 34 ) Therefore, the conservation of this structure in Japanese flounder G-type lysozyme is postulated to express the lytic activity. Interestingly, the amino acids in three -helices regions were conserved in Japanese flounder G-type lysozyme instead of lower similarity (53%). The notion that the hydrophobic core is importance for the maintenance of the formation of the catalytic site will be supported by the measurement of lytic activity for the recombinant flounder G-type lysozyme. 36) Chicken G-type lysozyme had high similarity (79%), almost the same, as other Gtype lysozyme and postulated to have similar activity. However, Japanese flounder G-type lysozyme showed quite lower similarity (53%) and contained deletions and insertions. Further, this enzyme lacks a cysteine residue to form the disulfide bond. All four cysteine residues had substituted by other amino acids.
To clarify the relationship of the evolutionary process among five G-type lysozymes and amino acid sequences reported for the genes of G-type lysozyme found in chicken and Japanese flounder lysozymes, a phylogenetic tree based on the multiple sequence alignment using the neighbor joining method was constructed as shown in Fig. 8 . According to this tree, G-type lysozyme can be classified into at least three groups of lysozyme, namely, group 1; rhea, ostrich, and cassowary, group 2; goose, black swan, and chicken, and group 3; Japanese flounder (fish group). The G-type lysozyme from fish of Japanese flounder was evaluated to have more distance from the five avian G-type lysozymes. The considerable insertions and deletions in the amino acid sequence and the lack of a disulfide bond caused by replacement of cysteine residues on Japanese flounder has been considered to be a major contributor of their evolution, not to be merged in phylogenetic analysis.
Structural feature of rhea lysozyme
Recently, the tertiary structure of goose lysozyme was resolved. 41) Rhea lysozyme shares 83% amino acid identity with goose lysozyme. Therefore, it is reasonable that the over all structure of rhea lysozyme is almost the same as goose lysozyme. For this concept, six substituted residues were indicated on the molecule of goose lysozyme with the substrate analog of trisaccharide of NAG using a Swiss PDB viewer version 3.7b2 (Fig. 9) . Two sites, Asn3 and Ser9 were located in the coil region. Arg43 was located in H3. Three sites, Ile114, Met127, and Arg129 were found in H6. All of the substituted amino acids were located at the surface of the molecule.
By studying the X-ray crystallography of Weaver et al., 41) goose lysozyme binds trisaccharide at subsites B (His101, Ile119, Asn122, and Phe123), C (Asp97, Ser100, Tyr147), and D (Glu73, Asn148). Glu73 of goose lysozyme seemed to correspond closely to Glu35 of chicken lysozyme, which act as highly conserved proton donors. 3, 5, 7, 41) However no obvious residue in goose lysozyme that is a counterpart of Asp52 in chicken lysozyme, that stabilizes the oxocarbonium ion of the reaction intermediate, was found. Rhea had no amino acid substitution at subsites C and D including the catalytic amino acid, but had two amino acid substitutions (Ser122 and Met123) at subsite B as well as ostrich and cassowary. The regional substitution at subsite may affect the interaction of the enzyme and substrate.
Monzingo et al. reported that two helices and a threestranded -sheet, which form the substrate binding site and catalytic site, are the only invariant elements of the secondary structure among chitinase, chitosanase, and the three types of lysozymes. 45) It is evident that the conservation of the secondary structural elements across this broad hydrolase super family was important. In our previous paper, we reported the three -helices to form a hydrophobic core structure in G-type lysozyme group. Since the core structure was considered to be essential for the active site formation, we compared this structure with plant class-II chitinase that has the similar tertiary structure to goose lysozyme. We compared the threehelices of goose lysozyme (H5, H7, and H8) with the corresponding three -helices of barley chitinase (H4, H10, and H11) (Fig. 10 ). Goose and barley chitinase had similar locations, sizes, and directions on the -helices. Only H10 of barley chitinase had the structure of a twist turn in the opposite direction for H7 of goose. The H5 (position 64-73) of goose lysozyme corresponded to H4 (position 50-67) of barley chitinase and might be important for the formation of a catalytic site including the catalytic amino acid Glu73 for goose lysozyme and Glu67 for barley chitinase at the C-terminal end of this helix structure. In addition, the structural conservation at H8 and H11 of goose lysozyme and barley chitinase may be due to its importance for the formation of a catalytic cleft. This result imply that goose lysozyme and barley chitinase have a similar substrate binding site and catalytic mechanism. 42) In conclusion, all five G-type lysozymes have conserved amino acid sequences at the region of H5, H7, and H8 that compose the hydrophobic core in the molecule as well as the conservation of the acidic catalytic residue, Glu73. However amino acid residues at substrate binding subsite B has been found as substitutes (Asn122Ser and Phe123Met). This may affect the change the microenvironment of binding site conformation and substrate binding. The effects of amino acid substitutions can be found by further time course analysis of oligosaccharide hydrolysis and computer simulation analysis. [51] [52] [53] The enzymatic and physicochemical measurement on a lytic and oligosaccharide activity of this enzyme will provide useful information for the participation of the substituted amino acids followed by the chemical modification and/or site-directed mutagenesis strategy in the study of reaction mechanism to evaluate the contribution of amino acids at the active site. The conserved three -helices are indicated as H5, H7, and H8. The position of catalytic residue Glu73 is indicated. The six newly detected amino acids substitutions are indicated. The two amino acid substitutions found at subsite B (Asn122Ser and Phe123Met) are also indicated with side chains. The figure was produced using Swiss-PdbViewer (version 3.7b2). Fig. 8 . Phylogenetic Tree of G-Type Lysozymes.
Phylogenetic tree was constructed using neighbor joining method. The accession numbers of the used amino acid sequences are as follows: LZGSG (goose), LZWSG (black swan), LZOSG (ostrich), A59351 (cassowary), JC7955 (rhea), S18463 (chicken), and Q90VZ3 (Japanese flounder) from Protein Information Resource and SWISS-PROT.
